Severe anaemia is associated with increased low birth weight and Barker's hypothesis of 'fetal origins' proposes that a nutritional insult during critical periods of development results in adaptations that predispose individuals to adult onset diseases. We hypothesize that endocrine alterations may occur in the maternal -fetal milieu as a consequence of nutritional anaemia during pregnancy. We examined the quantitative variations in hormonal profiles in paired maternal and cord blood samples obtained from mothers and their neonates who were classified based on maternal anaemia status. Our results show that: (1) 74·6 % of the mothers enrolled in the study were anaemic, of which 85·2 % had moderate anaemia and 14·7 % had severe anaemia; (2) anthropometric parameters measured in the mothers indicate that severely anaemic mothers had a significantly low pre-and post-pregnancy weight, a significantly decreased maternal fundal height and abdominal circumference; (3) anthropometric measures in the neonates born to severely anaemic mothers show a significant reduction in ponderal index, birth weight and placental weight; (4) significant increase in both maternal, fetal insulin-like growth factor 1, ferritin levels and increased maternal erythropoietin levels were observed with an increase in severity of anaemia; (5) decreased T 3 and increased prolactin levels were observed in the maternal blood of severely anaemic mothers as compared with the control group. An insight into the endocrine modulation to overcome a growth disadvantage due to nutritional anaemia in pregnancy may lead to a better understanding of fetal adaptations invoked when the maternal-placental nutrient supply fails to meet the fetal nutrient demand.
Anaemia in the developing world is most commonly caused by Fe deficiency, which not only impairs the production of red cells in the blood, but also affects general cell growth and proliferation (1 -4) . Fe deficiency is considered to be one of the most prevalent forms of malnutrition, yet there has been a lack of consensus about the nature and magnitude of the health consequences of Fe deficiency in populations. Nutritional anaemia is defined as a condition in which the Hb content of the blood is lower than normal as a result of a deficiency of one or more essential nutrients, regardless of the cause of such deficiency (1 -6) . In developing countries, the incidence of nutritional anaemia in women and, particularly, among expectant mothers is alarmingly high. In India, nutritional anaemia is a serious public health problem, particularly during pregnancy, since Fedeficiency anaemia (IDA) is observed in approximately 70 % of pregnant women; 15 -30 % of all maternal deaths are anaemia related (7) . Fe deficiency during pregnancy promotes reductions in Fe supplies, causing anaemia to develop in the neonate (1 -6) . IDA is associated with a . 2-fold increase in the risk of preterm delivery (8 -10) . Maternal anaemia when diagnosed before mid pregnancy is also associated with an increased risk of preterm birth. IDA is relatively common in the third trimester of pregnancy, but causal associations with low birth weight and compromised neonatal Fe status are difficult to establish. Supplementation with Fe is generally recommended during pregnancy to meet the Fe needs of both mother and fetus.
Current knowledge indicates that IDA in pregnancy is a risk factor for preterm delivery and subsequent low birth weight. Fe supplements improve Fe status during pregnancy, even for women who enter pregnancy with reasonable Fe stores, and provide some protection against Fe deficiency in subsequent pregnancies (11) . Inadequate intake of Fe from the diet during pregnancy can lead to compromised haematological status of the neonate without indications of growth retardation or impaired neurological function at birth (12) . While Fe supplementation increases maternal Fe status and stores, it has also recently been linked to maternal complications such as gestational diabetes and increased oxidative stress during pregnancy (13 -15) .
The amount of Fe accumulated by the fetus during intrauterine life is proportional to the amount of weight it gains (13 -16) . Gestational conditions that result in lower newborn Fe stores include severe maternal Fe deficiency, maternal hypertension with intra-uterine growth retardation and maternal diabetes mellitus (17 -19) . Very low birth weight premature infants are also at risk for early postnatal Fe deficiencies because they accrete less Fe during gestation, grow more rapidly postnatally during catch-up growth. Maternal and perinatal outcome is normal in situations of mild anaemia, while severe anaemia is associated with increased low birth weight babies.
Several hormones and growth factors are known to play important roles in the tissue accretion and differentiation in the fetus (20, 21) . The perinatal period presents a highly synchronized sequence of metabolic and endocrine events, which are very important for normal growth and development of the fetus (20 -22) . Maternal nutrients are essential for growth and development of the fetus and transport of these nutrients occurs via the placental blood supply. The placenta is important in the production and transport of growth-promoting hormones. Several studies including our own have shown that low birth weight and prenatal stress results in the modulation of the hypothalamic-pituitary -adrenal axis. Changes in the concentrations of hormones occur in response to nutritional restriction during gestation. In general, nutritional restriction reduces fetal nutrient availability, resulting in a decrease in the anabolic hormone concentrations such as insulin, insulinlike growth factor (IGF)-I, thyroxine (T 4 ) and an increase in catabolic hormone concentrations such as cortisol, catecholamines and growth hormone (GH) (20 -25) . The precise pattern of endocrine changes may depend on the duration and magnitude of the nutritional insult.
Limited information is available in literature with regard to the endocrine alterations in the maternal -fetal milieu as a consequence of nutritional anaemia during pregnancy. In order to investigate the endocrine adaptation mechanisms by the fetus due to maternal anaemia, we examined the quantitative variations in hormonal and growth factor profiles in paired maternal and cord blood samples obtained from mothers and their neonates who were classified based on the severity of maternal anaemia during pregnancy.
Experimental methods
Pregnant mothers (n 300), who were registered and being followed up in the antenatal clinic in a prominent national government hospital in New Delhi, India, and their newborns were the source of the clinical material for the present study. The study design and the consent forms were approved by the appropriate institutional review board and the study was conducted based strictly on their recommended guidelines. Subjects were enrolled in the present study during the first trimester between 6 and 12 weeks during their first visit to the antenatal clinic after their pregnancy was confirmed, after obtaining an informed consent. A detailed clinical obstetric history of the patient was documented and early pregnancy weight was noted. All patients enrolled in the study were regularly followed up at monthly intervals in the antenatal clinic and were monitored for gestational diabetes, hypertension and any other infections. If any abnormalities were observed, those patients were excluded from the study. Gestational age was assessed from the date of the last menstrual period and only term pregnancies (38-42 weeks) were included in the study. Maternal blood (10 ml) was drawn at term prior to delivery of the neonates, before the onset of labour. At birth, cord blood (20 ml) was collected from the placental end. Blood samples were centrifuged to separate the plasma and aliquoted and stored at 2208C until further use. Endocrine parameters were measured in these aliquoted paired maternal and cord blood samples. The endocrine parameters measured represent random levels since none of the samples taken was in the fasting state. Weight (g) and length (cm) of the neonate were recorded as soon as the baby was dried and cleaned after delivery. Anthropometric data were obtained from the mothers and the neonates. Maternal weight gain (kg) during pregnancy and maternal early-pregnancy weight (kg) were also measured, which gave an indication of the short-and long-term nutritional status of the mothers. Maternal nutritional status and fetal growth status was assessed using a combination of anthropometric and biochemical parameters, such as BMI calculated from the height and weight of the mother, mid-arm circumference (cm), abdominal girth or abdominal circumference (cm) and fundal height (cm). Ponderal index (birth weight/birth length (3) ) was also calculated from the neonates' weight and length at birth. Standard internationally accepted methodologies were used to measure all the anthropometric parameters in both the mother and the neonate (26 -32) . All these measures were recorded at every wellness visit to the antenatal clinic. The haematological status of the mothers and neonates was measured using total Hb measurement. Additionally, ferritin levels indicative of Fe reserve were measured in both the mothers and their neonates. The biochemical parameters measured to assess nutritional status were maternal and fetal total protein and serum albumin levels. The methodology used to measure total serum proteins was the standard Biuret reaction in our routine clinical laboratory using an automated sampler.
Study design
According to WHO, 43 % of all non-pregnant women aged 15-49 years in developing countries develop anaemia during pregnancy (31 -33) . Anaemia is recognized as a risk factor for maternal mortality when associated with antepartum and post partum haemorrhage and low birth weight. WHO defines anaemia as a Hb level below 12 g/dl in nonpregnant women and Hb level below 11 g/dl in pregnant women. These numbers are based on average levels around the world, for all women regardless of their age (31 -33) . There is much controversy as to what the cut-off point for anaemia should be, particularly in the developing world, since the WHO criteria are proposed based on statistical computations that incorporate data of the Hb levels of a healthy population worldwide. However, some researchers believe that cut-off points should be based on country-specific reference groups and should reflect differences in Hb levels of that specific race and population. In the present study, we used a cut-off point of Hb , 11 as indicative of anaemia, since it best reflected our patient population. We classified the mothers into three study groups based on the WHO classification of severity of anaemia: Group I (normal control -no anaemia, Hb . 11·0 g/dl); Group II (moderate anaemia, Hb . 7-10·9 g/dl); Group III (severe anaemia, Hb , 6·9 g/dl). Exclusion criteria of the study included both pre-and post-term neonates and their mothers and any other clinical disorders known to predispose the mothers to intra-uterine growth retarded births other than malnutrition and/or anaemia, such as pre-eclampsia, renovascular disease, chronic hypertension, vasculopathy from diabetes, drug abuse, genetic or congenital abnormalities, inborn errors of metabolism, twin births and toxic exposure. Additionally, patients with glucose-6-phosphate dehydrogenase deficiency, thalassaemia and sickle cell anaemia have been excluded from this study.
To examine the endocrine profile of mothers and their neonates in the three study groups, an array of hormones and growth factors relevant to fetal growth and development, such as GH, prolactin (PRL), insulin, placental lactogen (hPL), thyroid hormones (T 4 , T 3 , rT 3 , thyroid-stimulating hormone (TSH)), IGF-1 and epidermal growth factor (EGF) were assayed in both cord blood and maternal blood using a combination of inhouse RIA and commercially available kits. The standards, iodination material for preparation of the radiolabelled antigen (Amersham Biosciences Inc, Piscataway, NJ) and the specific antisera were obtained from the National Hormone and Pituitary Program of the National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD and the assays were performed using a precise protocol provided by this program. Peptide hormones, GH, PRL, hPL (www.humc.edu/hormones) were assayed using the reagents from National Institutes of Health -National Institute of Diabetes and Digestive and Kidney Diseases -National Hormone and Pituitary Program. Insulin, TSH, T 4 and T 3 (Catalogue no. DSL-10-1600, Catalogue no. DSL-5300, Catalogue no. DSL-3200, and Catalogue no. DSL-3100 respectively; Diagnostic System Laboratories Inc (DSL) Webster, TX, USA) and r-T3, IGF-1 and EGF (Catalogue no. 29-BC-1115, Catalogue no. 22-IGF-R20 and Catalogue no. 45-EGFH-0061 respectively; Alpco Diagnostics, Salem, NH, USA) were assayed using commercially available kits from these vendors. All the assays were highly specific and sensitive with an intra-and inter-assay CV less than 10 %. The minimum detectability of the GH, PRL, hPL, insulin, IGF-1 and EGF assays were 0·23 ng/ml, 0·4 ng/ml, 0·015 mU/l, 0·4 mU/ml, 0·078 ng/ml and 0·06 ng/ml respectively. The minimum detectability of the T 3 , T 4 , rT 3 and TSH assays were 2·5 pg/ml, 5·0 pg/ml, 1 pg/ml and 0·03 mU/ml respectively.
Statistical analysis
Statistical analysis was done using ANOVA. Multiple comparisons between the study groups were performed using a Bonferroni adjustment. The tables contain the P values for these pair wise group comparisons. All data analysis was done using the normal control group as a referent group. Additionally, multivariate regression analysis was done to investigate relationships between maternal Hb and the endocrine parameters that are important markers of nutritional anaemia. The statistical software used was Analyse-it (version 1.73; Analyse-it for Microsoft w Excel w , Leeds, UK).
Results
A total of 300 cases were enrolled in the present study. Only term pregnancies with an uneventful perinatal period were included in the study. The patient population was representative of the majority of the urban and rural, low and middle socioeconomic class of the society. The mean gestational age of the mothers was 39·1 (SD 1·3) weeks. Gestational age was assessed from the date of the last menstrual period. The mean age of the mothers in the study was 21·3 (SD 0·6) years. The mean gestational age was not significantly different between the three study groups and values were 39·4 (SD 0·42) and 39·7 (SD 0·63) weeks in severe and moderately anaemic mothers respectively as compared with normal mothers (40·1 (SD 0·57) weeks). Further, the mean maternal age was not significantly different in the three study groups and mean age of severe and moderately anaemic mothers was 19·4 (SD 1·2) and 20·9 (SD 1·4) years respectively as compared with that of the normal mothers (21·8 (SD 0·75) years).
Anthropometric, biochemical and haematological measures of maternal-fetal growth and nutritional status
Nutritional status of the mothers enrolled in the present study was assessed using both anthropometric and biochemical measurements. The anthropometric parameters measured in mothers included the mean pre-pregnancy maternal weight, maternal weight at delivery, maternal height, maternal midarm circumference, maternal fundal height and maternal abdominal circumference. Fetal growth status was assessed by measuring neonatal birth weight, neonatal length, placental weight, Rohrer's ponderal index. The biochemical parameters measured in both maternal blood and paired cord blood samples were total protein and serum albumin. Additionally, Hb levels were assessed in both maternal blood and paired cord blood samples, which were indicative of the haematological status of the mothers and their neonates. Of the mothers enrolled in the present study, 74·6 % were found to be anaemic, of which 85·2 % had moderate anaemia, while 14·7 % had severe anaemia. Table 1 outlines the anthropometric indices measured in the mothers and their neonates. Statistical comparisons were made with regard to the normal control group. The current results show that maternal pre-pregnancy weight (kg) was significantly lower in (Group III) mothers who have severe anaemia as compared with the normal control group of mothers. A similar trend was observed with regard to maternal weight at delivery (kg), which was significantly lower in severely anaemic mothers as compared with the normal control group of mothers. No significant differences in maternal height and maternal mid-arm circumference were observed between the three study groups. However, maternal abdominal circumference (cm) was significantly lower in severely anaemic mothers as compared with the normal control group of mothers. A similar trend was observed with regard to maternal fundal height (cm), which was significantly lower in the severely anaemic group as compared with the normal control group. We observed a significant decrease in birth weight (g) of neonates born to mothers with moderate to severe anaemia as compared with the non-anaemic mothers. No significant difference was observed with regard to neonatal length (cm); however, ponderal index (ratio) and placental weight (g) were significantly decreased in the neonates born to severely anaemic mothers, as compared with the ponderal index and placental weight values in the neonates born to normal mothers. These results indicate that substantial nutritional anaemia is associated with an increased incidence of low birth weight.
Comparison of the anthropometric parameters between the moderate (Group II) and severe (Group III) anaemia groups indicated that the maternal early-pregnancy weight, maternal weight at delivery and maternal abdominal circumference were significantly lower in the severely anaemic mothers as compared with the moderately anaemic mothers. Neonates born to Group III mothers had significantly lower birth weight and ponderal index as compared with those born to Group II mothers. Table 2 outlines the biochemical and haematological indices measured in the mothers and their neonates. We measured the serum albumin and total protein levels as biochemical markers of nutritional status in the maternal blood and cord blood in the three study groups. The present data indicate that there was no significant difference in the fetal biochemical status as indicated by no statistically significant differences in serum albumin and total protein in the three study groups. However, significantly lower total protein (mg/dl) levels were observed in severely anaemic mothers compared with the normal mothers. Mean Hb (g/l) levels measured in moderately anaemic and in severely anaemic mothers were significantly lower compared with levels in normal mothers. However, the cord blood Hb levels were significantly lower only in the neonates born to severely anaemic mothers compared with the control group. No statistically significant difference was observed in the maternal ferritin levels between the moderately anaemic and the severely anaemic groups compared with the normal control group. However, a significant increase in the fetal Fe stores as reflected by the serum ferritin (g/l) levels in the cord blood were observed in the neonates born to moderately anaemic mothers and neonates born to severely anaemic mothers compared with the normal control group. Interestingly, the levels of cord blood erythropoietin (g/l) were unchanged in the three study groups; however, maternal erythropoietin levels were significantly higher in the moderately anaemic mothers as well as the severely anaemic mothers compared with the normal control mothers.
Comparison of the biochemical and haematological indices between the moderate (Group II) and severe (Group III) anaemia groups indicated that maternal total protein was significantly lower in the severely anaemic mothers compared with the moderately anaemic mothers. Maternal erythropoietin levels were significantly higher in the severely anaemic mothers compared with the moderately anaemic mothers.
Endocrine parameters in cord blood in the study groups
We measured the levels of peptide hormones (GH, PRL, insulin, hPL), growth factors (IGF-1 and EGF) and thyroid hormones (T 3 , T 4 , rT 3 and TSH) in the cord blood and maternal blood in the three study groups. The levels of these hormones in cord blood of neonates born to mothers who moderately anaemic (Group II) and severely anaemic (Group III) compared with neonates born to mothers normal mothers (Group I) are shown in Table 3 . The data show no statistically significant differences in levels of GH (ng/ml), PRL (ng/ml), insulin (mU/ml), hPL (mU/l), EGF (ng/ml) or thyroid hormones (T 3 (ng/dl), rT 3 (ng/dl) and TSH (mU/ml)) between the three groups. However, a significant increase in IGF-1 (ng/ml) levels was observed in the cord blood of neonates born to severely anaemic mothers compared with the control group. Additionally, the thyroid hormone cord blood T 4 levels (mg/dl) were significantly lower in both the neonates born to moderately anaemic and severely anaemic mothers compared with the neonates born to normal mothers.
Comparison of the endocrine parameters in the cord blood of neonates born to moderately anaemic (Group II) mothers and severely anaemic (Group III) mothers indicated that the levels of PRL, insulin, IGF-1 and hPL were significantly higher in the neonates born to severely anaemic mothers compared with those born to moderately anaemic mothers. Cord blood EGF levels were significantly higher in neonates born to moderately anaemic mothers compared with neonates born to severely anaemic mothers. Statistical analysis was done using ANOVA. Multiple comparisons between the study groups were also performed using a Bonferroni adjustment. * (P-value) indicates a statistically significant difference for pair-wise group comparisons between severe or moderate anaemia v. non-anaemic controls. † (P-value) indicates a statistically significant difference for pair-wise group comparisons between moderate anaemia v. severe anaemia. ‡ For details of subjects and procedures, see Experimental methods.
Endocrine parameters in maternal blood in the study groups Data shown in Table 4 indicate no statistically significant differences in maternal GH, insulin and EGF levels in the maternal blood of moderately and severely anaemic mothers compared with the normal control (Group I) mothers. Significant differences were observed in maternal PRL levels (ng/ml), which were significantly higher in the moderately anaemic and severely anaemic mothers compared with the normal mothers. The hPL levels (mU/l) were significantly lower in the severely anaemic mothers compared with the normal control mothers. A significant increase in maternal IGF-1 (ng/ml) levels was observed in both the moderately and severely anaemic mothers compared with the control group. Maternal thyroid hormone T 4 (mg/dl) and rT3 (ng/dl) levels were not significantly different between the moderately and severely anaemic mothers compared with the Group I mothers. However, maternal blood T3 (ng/dl) levels were significantly lower in severely anaemic mothers compared with the Group I mothers, indicating development of a hypothyroid state with the progression of severity of anaemia.
In the maternal compartment, only the EGF (ng/ml) levels were significantly higher in Group II mothers compared with Group III mothers.
Regression analysis
We did regression analysis to evaluate associations between maternal Hb values and the various endocrine parameters. The correlation coefficient (r) and the corresponding P values indicate the strength and direction of a linear relationship between two random variables. We observed significant associations between maternal Hb and cord ferritin, maternal erythropoietin and cord and maternal IGF-1 levels, indicating that these endocrine parameters are significantly modulated in nutritional anaemia (Fig. 1A-D) .
Discussion
Fe deficiency is the most common cause of nutritional anaemia. During pregnancy there is a high risk of developing it due to the increase of Fe requirements for fetal and maternal tissue growth. Globally, 50 % of anaemia cases are assumed to be attributable to Fe deficiency and the prevalence of this micronutrient deficiency remains a significant public health problem (1 -4) . Anaemia has been recognized as being associated with protein-energy malnutrition since the earliest classified descriptions, but the pathogenesis of anaemia is complex and involves several variables (34 -40) . The aetiology of anaemia remains unexplained, despite careful investigations, primarily due to the difficulties of assessment of micronutrient sufficiency or deficiency in pregnancy as well as the compounded problem of the interaction between other common infections and micronutrient deficiency states during pregnancy.
In the present study, we believe that there is a co-existence of anaemia and malnutrition in our patient cohorts since the majority of the subjects belonged to low socioeconomic strata of society and were likely to have a certain degree of nutritional restriction. This assumption is substantiated by the results of all the anthropometric parameters measured in Table 2 . 
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Statistical analysis was done using ANOVA. Multiple comparisons between the study groups were also performed using a Bonferroni adjustment.
* (P-value) indicates a statistically significant difference for pair-wise group comparisons between severe or moderate anaemia v. non-anaemic controls. † (P-value) indicates a statistically significant difference for pair-wise group comparisons between moderate anaemia v. severe anaemia. ‡ For details of subjects and procedures, see Experimental methods.
the mothers, namely, the pre-pregnancy weight, maternal weight at delivery, fundal height and abdominal girth with the exception of maternal height and maternal mid-arm circumference, which were significantly lower in the group constituting the severely anaemic mothers and were indicative of the fact that these mothers were nutritionally restricted both prior to and during pregnancy. A significant decrease in neonatal birth weight was observed in neonates born to both moderately and severely anaemic mothers. However, in the neonates born to severely anaemic mothers, other anthropometric measures of fetal growth such as ponderal index and placental weight were also significantly lower compared with the normal control group, indicating significant growth restriction due to nutritional anaemia in the mothers.
Substantial IDA (usually considered to be , 8·0 g/dl) has been reported to be associated with an increased incidence of low birth weight (41 -44) . We observed a significant reduction in serum total protein levels in the maternal blood of severely anaemic mothers. This suggests the co-existence of a significant degree of energy deprivation in addition to B 12 /folic acid deficiency and/or vitamin A deficiencies in this group of mothers (45) . Anaemia in pregnant mothers may be associated with malnutrition and lack of Fe/folic acid supplementation during pregnancy may contribute to an increased nutritional insult to the fetus, by further contributing to fetal growth retardation.
A significant decrease in Hb concentrations is observed in the three study groups, as expected, based on the study GH, growth hormone; PRL, prolactin; hPL, placental lactogen; IGF, insulin-like growth factor; EGF, epidermal growth factor; TSH, thyroid-stimulating hormone. Statistical analysis was done using ANOVA. Multiple comparisons between the study groups were also performed using a Bonferroni adjustment. * (P-value) indicates a statistically significant difference for pair wise group comparisons between severe or moderate anaemia v. non-anaemic controls.
† (P-value) indicates a statistically significant difference for pair wise group comparisons between moderate anaemia v. severe anaemia. ‡ For details of subjects and procedures, see Experimental methods. 9·67  2·94  9·93  3·24  9·74  3·17  T3  ng/dl  124·75  4·06  122·82  42·17  109·47 (P¼0·04)*  40·01  r-T3  ng/dl  30·40  14·2  28·30  11·07  32·89  16·66  TSH  mU/ml  1·71  1·18  2·01  1·54  1·68  0·80 GH, growth hormone; PRL, prolactin; hPL, placental lactogen; IGF, insulin-like growth factor; EGF, epidermal growth factor; TSH, thyroid-stimulating hormone. Statistical analysis was done using ANOVA. Multiple comparisons between the study groups were also performed using a Bonferroni adjustment. * (P-value) indicates a statistically significant difference for pair-wise group comparisons between severe or moderate anaemia v. non-anaemic controls. † (P-value) indicates a statistically significant difference for pair-wise group comparisons between moderate anaemia v. severe anaemia. ‡ For details of subjects and procedures, see Experimental methods.
design. However there is only a small difference in Hb levels in the cord blood of neonates born to moderately and severely anaemic mothers when compared with the normal levels in the control group neonates. Dewey et al. (46) have shown that neonates have a high concentration of circulating Hb and that Fe availability in the neonates is via destruction of erythrocytes and that this Fe is also used for the synthesis of new Hb, thus reducing the need for exogenous Fe (47 -51) . The significantly increased levels of serum ferritin in the cord blood of neonates born to moderately and/or severely anaemic mothers are indicative of a sizeable Fe reserve in the liver of these neonates. Ferritin and transferring/transferrin receptor are all Fe regulatory proteins that are involved in the modulation of the cellular defence mechanisms against stress and inflammation, and ferritin levels are known to be regulated by cytokines, oxidants and growth factors. Ferritin changes in hypoxia are mediated by altered regulation of the Fe responsive proteins (52, 53) . The increase in both the maternal and fetal serum ferritin levels with the degree of severity of anaemia observed in the present study may be an adaptive mechanism in pregnancy to ensure prolonged survival under a growthrestricted environment. Thus, these changes in ferritin levels are a result of the hypoxic insult that causes an increase in pro-inflammatory cytokines that modulate the hypothalamic-pituitary -adrenal axis. Pro-inflammatory cytokines can modulate the production of the Fe-regulatory hormone hepcidin, thereby altering Fe metabolism resulting in a decrease in serum Fe and total Fe binding capacity and an increase serum ferritin level that reflects augmented ferritin synthesis (54) . We believe that chronic nutritional anaemia results in hypoxic stress in utero, which induces both functional and structural adaptations within the hypothalamo -pituitary -adrenocortical axis, resulting in alterations in endocrine responsiveness in the maternal -feto -placental milieu.
It is evident from the comparisons between the moderately anaemic and the severely anaemic group of mothers and their neonates that with the increase in the severity of anaemia there is a significant decrease in maternal early-pregnancy weight, maternal weight at delivery and maternal abdominal circumference, birth weight, ponderal index, total protein, while an inverse relationship was observed with both cord and maternal erythropoietin levels. The decrease in these afore-mentioned anthropometric and biochemical measures of nutritional status of the mother and the neonate confirms the co-existence of anaemia and maternal malnutrition. Further, there is a quantitative decrease in these parameters with the progression of the severity of nutritional anaemia.
Since hypoxia is known to be the main stimulus for increased erythropoietin gene expression and erythropoietin production (53, 55, 56) , it is not surprising that an inverse correlation is observed between both cord and maternal erythropoietin levels and severity of anaemia. Erythropoietin is an erythroid-specific glycoprotein hormone, which is an important factor involved in the regulation of erythrocyte production. The increase in maternal erythrocyte mass and the growth of the fetus during pregnancy require increased amounts of Fe, leading to a rapid decline in maternal Fe stores (47 -56) . IDA in pregnancy acts as a stimulus for erythropoietin induction. An increase in plasma volume is observed during gestation, and maternal Hb concentrations continue to decrease despite the erythropoiesis process (49 -56) . Inadequate nutritional supplementation and or energy restriction during this stage will result in anaemia that can impair the liberation of oxygen to the fetus, thus interfering with normal intrauterine growth. Fe deficiency may also affect important enzymes, such as cytochromes, causing oxidative damage to erythrocytes and the fetoplacental unit (47 -56) . Our regression analysis shows a positive correlation between the cord blood erythropoietin levels and severity of anaemia.
The hormones and growth factors evaluated in the present study are known to play important roles in the tissue accretion and differentiation in the fetus in several mammalian species (56 -58) . The perinatal period presents a highly synchronized sequence of metabolic and endocrine events, which are very important for normal growth and development of the fetus (56 -60) . Significantly higher levels of IGF-1 were observed in the cord blood of neonates born to severely anaemic mothers. The fetus is known to control the placental utilization of substrates via its blood concentrations of oxygen and glucose via IGF-I; additionally, the levels of hPL, can alter the stability and concentrations of IGF-binding proteins and the levels of circulating IGF. IGF-1 may have both anabolic and anti-catabolic effects in the fetus. hPL, in addition to helping to mobilize nutrients from maternal sources, has also been shown to stimulate fetal IGF-1 production by interacting with GH receptors (61) . hPL has been shown to stimulate ornithine decarboxylase activity in fetal liver and promote amino acid transport in fetal muscle and enhance DNA synthesis and IGF-1 production in mouse fibroblasts. IGF-1 has been shown to have metabolic, mitogeneic and differentiation functions in fetal and neonatal tissues. Several hormones may promote growth and differentiation of fetal tissue through the common pathway of IGF generation (62 -64) . We have previously reported that neonates born to malnourished and anaemic mothers also show a significant increase in IGF-1 levels (59) . Erythropoietin therapy has been reported to enhance erythropoiesis and modulates the serum concentration of IGF-I (53, 64, 65) . The enhanced erythropoiesis that is reflected by the increased serum erythropoietin levels in the anaemic mothers may be responsible for the increased IGF-1 concentration observed in that group. Regression analysis of our data showed significant associations between maternal Hb and cord ferritin, maternal erythropoietin and cord and maternal IGF-1 levels, indicating that all of these parameters play a key role in endocrine regulation in nutritional anaemia. Cord blood levels of insulin and IGF-1 were significantly higher in the neonates born to severely anaemic mothers compared with those born to moderately anaemic mothers. Although when statistical comparisons between the severely anaemic group and normal control group for these parameters were done, no statistical significance was attained.
The cord blood PRL and hPL values of neonates born to moderately anaemic mothers were lower than those of the normal controls, as well as the neonates born to severely anaemic mothers. Although a significant P value was obtained on comparison between the moderately anaemic and the severely anaemic groups, no plausible explanation can be provided for this discrepancy other than the fact that this discordance is most likely due to the large variance in the number of subjects within each patient cohort. Cord and maternal EGF levels were significantly higher in neonates born to moderately anaemic mothers compared with neonates born to severely anaemic mothers. This can be explained by the fact that EGF can selectively impair erythropoiesis and induce a decline in Hb levels (65 -67) . We observed a decrease in T 4 levels in the cord blood of neonates born to moderately and severely anaemic mothers. Also, the levels of maternal T 3 were significantly lower in the severely anaemic mothers. Thyroid hormones are critical to the growth and development of the human fetus. We and other investigators have documented that malnutrition during pregnancy induces a hypoxic suppression of thyroid function, or a hypothyroid state with a consequent decrease in metabolic rate and oxygen consumption, which would be a beneficial adaptation of the fetus to the stimulus of maternal nutrient restriction (60) . The significant decrease in cord blood T 4 and maternal T 3 levels may be indicative of a disrupted thyroid hormone balance that may eventually result in a hypothyroid state should the severity of the anaemic insult continue.
A previous study reports that hPL is a potent haemopoietic hormone (67) . However, we can attribute decreased levels of hPL in the severely anaemic mothers in the present study to a significantly smaller placental size in that group. The changes in the maternal -fetal endocrine milieu in the severely anaemic study group described earlier suggest that nutritional anaemia imposes a growth restriction in utero. Although there are several studies highlighting the effects of anaemia on fetal growth and development, the literature is not conclusive on the influence of anaemia in pregnancy. More frequent preterm births and low birth weights have been reported in the majority of studies that have considered mild to moderate maternal anaemia; however, there are very few reports on the endocrine changes in both the maternal and fetal compartments as a consequence of anaemia and correlations with its severity. Many studies, however, have indicated that routine Fe supplementation during pregnancy may have beneficial effects on pregnancy outcome. Fe deficiency no doubt has deleterious consequences on maternal and fetal health (68) . The present study has shown that anaemia in pregnancy most definitely influences fetal outcome. Additionally, the more the magnitude of the anaemic insult, the greater the effect on fetal growth due to a significant endocrine modulation in the maternal fetoplacental unit. The endocrine profile in such a dataset is a unique set of information that may lead to a better understanding of maternal -fetal physiology and about how environmental factors such as maternal anaemia can adversely affect fetal development and long-term neonatal outcome. The present data are extremely important, particularly in the light of Barker's hypothesis, which suggests that alterations in the maternal endocrine, nutritional and metabolic environment disrupt the developmental trajectory of the fetus and can lead to adult diseases. Additional research studies such as ours need to be done to elucidate the mechanisms underlying the prevalence of nutritional anaemia and the complex relationship between maternal nutrition and endocrine modulation that result in a beneficial adaptation of the fetus under situations of maternal nutritional deprivation, which are common in developing countries.
